The carbon monoxide (CO) dehydrogenase activity band from Clostridium pasteurianum was shown to contain nickel by in situ activity staining of polyacrylamide gels. However, the majority of the nickel in cell extracts was found to electrophorese independently of CO dehydrogenase. Comparative analysis with Clostridium thermoaceticum demonstrated that, although the majority of nickel was accounted for in CO dehydrogenase in anaerobic extracts, the metal dissociated from the enzyme when inactivated by oxidation.
The carbon monoxide (CO) dehydrogenase activity band from Clostridium pasteurianum was shown to contain nickel by in situ activity staining of polyacrylamide gels. However, the majority of the nickel in cell extracts was found to electrophorese independently of CO dehydrogenase. Comparative analysis with Clostridium thermoaceticum demonstrated that, although the majority of nickel was accounted for in CO dehydrogenase in anaerobic extracts, the metal dissociated from the enzyme when inactivated by oxidation.
Carbon monoxide (CO) dehydrogenase, which oxidizes CO according to the reaction CO + H20 -* CO2 + 2H+ + 2e-, has recently been purified from Clostridium thermoaceticum and shown to contain the transition element nickel (5) . Although CO dehydrogenase has not been purified from Clostridium pasteurianum, this clostridium was earlier shown to oxidize CO to CO2 (7, 13) , and evidence was recently presented by Diekert et al. (2) which correlated this activity with the presence of nickel in the culture medium, suggesting that nickel is either required for the synthesis of CO dehydrogenase or is an essential component of the enzyme. Because of the marked physiological differences between the homoacetate fermenter C. thermoaceticum and the classic nitrogen fixer and butyric acid fermenter C. pasteurianum, the present study was initiated to determine whether nickel is indeed a component of the CO dehydrogenase in C. pasteurianum. This point is of particular relevance since a possible involvement of CO dehydrogenase in acetate synthesis has recently been demonstrated in C. thermoaceticum (H. L. Drake, S. I. Hu, and H. G. Wood, Abstr. Annu. Meet. Am. Soc. Microbiol. 1981, p. 144, K42; and S. I. Hu, H. L. Drake, and H. G. Wood, submitted for publication), yet C. pasteurianum is not known to catalyze acetate synthesis from one-carbon compounds.
MATERIALS AND METHODS
Organisms. C. thermoaceticum was cultivated as previously described (5) on media supplemented with 600 nM 63NiCl2 containing 1.67 x 105 cpm/nmol. Cell yields were 6 to 8 g (wet weight) per liter, and nickel uptake approximated 40%. C. pasteurianum was cultivated on the medium described by Diekert et al. (2) , which was supplemented with 100 nM 63NiCl2 contain-561 ing 1.1 x 106 cpm/nmol. Cell yields were 7 to 9 g (wet weight) per liter, and nickel uptake approximated 10%o.
Preparation of extracts. Cell-free extracts were prepared as previously outlined (5), using as buffer 50 mM Tris-hydrochloride (pH 8.0) with 50 mM 2-mercaptoethanol, 10 mM sodium pyruvate, and 0.05 mM phenylmethylsulfonyl fluoride. Pyruvate was included to help maintain anaerobiosis via the phosphoroclastic reaction and has been shown to play no role in CO dehydrogenase activity. Clostridial CO dehydrogenase is extremely labile to oxidation, thus all extracts were maintained anaerobically at 4°C under nitrogen in serum-stoppered containers (5).
Analysis of CO dehydrogenase and activity staining of polyacrylamide gels. Spectrophotometric assay of CO dehydrogenase, utilizing methyl viologen as electron acceptor (8578 = 9.7 mM-1 cm-'), was performed as previously described (5). The assay buffer contained 100 mM Tris-hydrochloride (pH 9.0), 0.25 mM methyl viologen, and 25 mM 2-mercaptoethanol, and the temperature of the assay was 30°C. One unit of activity was defined as 2 SLmol of methyl viologen reduced per min. In the absence of extract, only trace reduction of methyl viologen by the 2-mercaptoethanol was observed (final optical density of approximately 0.03 in the absence of enzymes or when CO was replaced with N2). The in situ activity stain for CO dehydrogenase and analysis for 'Ni in 7.5% polyacrylamide gels were performed by previously described methods (5), except that the barbital was replaced with Tricine (Sigma Chemical Co., St. Louis, Mo.) (3 g/liter) in the electrophoresis buffer at pH 7.7. After electrophoresis, the gels were placed in serum-stoppered tubes with assay buffer (above) equilibrated with either N2, CO, or H2. The tubes were incubated at 30°C, and the CO-dependent and H2-dependent reduction of methyl viologen resulted in the formation of blue bands, thus identifying the location of CO dehydrogenase and hydrogenase in polyacrylamide gels. The location of 63Ni relative to the CO dehydrogenase band in the gel was confirmed by also analyzing for 63Ni in gels that had first been subjected to activity staining. Protein was measured by the method of Lowry et al. (10) after the 562 DRAKE 2-mercaptoethanol in enzyme preparations had been removed by dialysis.
RESULTS
Evidence for the occurrence of nickel in CO dehydrogenase of C. pasteurianum. Five milliliters of cell-free extract (containing 24 mg of protein per ml, 7.5 x 1i0 cpm/ml, and 0.11 U of CO dehydrogenase per mg of protein) from C. pasteurianum was applied to a DE-52 (Whatman) column (2 by 3 cm) equilibrated with 50 mM Tris-hydrochloride (pH 8.0) plus 50 mM 2-mercaptoethanol, 10 mM sodium pyruvate, and 0.05 mM phenylmethylsulfonyl fluoride, and the column was washed consecutively with 10 ml of equilibrating buffer, 30 ml of equilibrating buffer plus 100 mM NaCl, 15 ml of equilibrating buffer plus 300 mM NaCl, and 15 ml of equilibrating buffer plus 500 mM NaCl. Fractions (5 ml) were collected anaerobically as previously described (5) , and the second 5-ml 300 mM NaCl fraction was found to contain the highest concentration of 63Ni (4 mg of protein per ml, 4 x 10W cpm/ml) and nearly all of the CO dehydrogenase activity (0.35 U of CO dehydrogenase per mg of protein). The remainder of the 3Ni not recovered from the DE-52 column in the second 300 mM NaCl fraction was accounted for in small amounts in each of the other NaCl fractions collected; none of these fractions had large, predominant peaks of radioactivity or CO dehydrogenase activity, as was observed with the second 300 mM NaCl fraction. When the second 300 mM NaCl fraction was subjected to polyacrylamide gel electrophoresis and analyzed for CO dehydrogenase, a distinct CO-dependent band was observed ( Fig. 1, gel B) . The in situ activity stain thus facilitated locating CO dehydrogenase in polyacrylamide gels. With regard to Fig. 1 , the CO dehydrogenase band was not apparent when gels were gassed solely with hydrogen. The band seen at the bottom of the gels (anode end) is not due to activity staining, but is due to traces of ferredoxin which eluted in the 300 mM NaCl fraction; this brown band was visible during electrophoresis and comigrated with bromophenol blue in control gels at both pH 9.3 and 7.7. The band seen at the top of gels A and B is due to pigmented proteins which did not electrophorese significantly into the gel; no dye reduction was observed at this location of gels A and B. In contrast, this same band was observed to reduce methyl viologen slightly in the presence of hydrogen (gel C reduced dye resulted in the diffuse appearance of the bands.
When the gels of the 300 mM NaCl fraction were electrophoresed at pH 9.3 or 7.7, sliced, and analyzed for 63Ni, I consistently observed a 'Ni-band which was coincident with the blue CO dehydrogenase band detected by activity staining (Fig. 2) . However, the CO dehydrogenase band did not represent the major nickel-containing species. At pH 9.3, two additional 63Ni-bands, designated I and II ( Fig. 2A) , were observed in the gel profile, whereas at pH 7.7, fastmigrating 63Ni-band II was absent (Fig. 2B) . polyacrylamide gels of 300 mM NaCI fraction from C. pasteurianum. Electrophoresis was at pH 9.3 for (A) and pH 7.7 for (B). The gels at the top of the 63Ni gel profiles depict the locations of CO dehydrogenase (CODH, solid band), hydrogenase (broken bands), and bromophenol blue (broken line at anode end) (Fig. 1 ). Slices were 2 mM. Both gels were loaded with 0.3 mg of protein containing 30,800 cpm. Recovery of radioactivity was 101% for the pH 9.3 gel and 58% for the pH 7.7 gel.
Since the recovery of radioactivity in the pH 7.7 gel was only 58%, it was tentatively concluded that the nickel-containing factor observed coincident with bromophenol blue in the pH 9.3 gel did not significantly electrophorese into the gel at pH 7.7. In Fig. 2 , the location of the enzymes relative to the 63Ni-profile was determined from the position of the initial activity bands before diffusion.
Since nickel has recently beeff shown to be required for the formation of active hydrogenase in the hydrogen-oxidizing bacterium Alcaligenes eutrophus (6), the rather remote possibility that C. pasteurianum might have a nickel-containing hydrogenase, classically thought of as being a non-heme iron-sulfur protein (9, 12), was addressed. When polyacrylamide gels were incubated with methyl viologen equilibrated with H2, none of the hydrogenase bands observed (Fig. 1 , gel C) coincided with any of the 63Ni-peaks observed on the gel profile (Fig. 2) . The same hydrogenase bands were also demonstrated with cell-free extracts. Furthermore, the same banding positions and relative intensities of 63Ni in the gel profiles of cell-free extracts were also obtained. Thus, with CO or H2 as substrate, no enzymatic activities were detected in 63Ni-bands I and II.
Comparative study with CO dehydrogenase from C. thermoaceticum. Previously, when CO dehydrogenase was purified from C. thermoaceticum, most of the nickel taken up by the cell appeared to be incorporated into CO dehydrogenase (5). This conclusion was based on two observations. First, virtually all of the 63Ni in cell-free extracts from 63Ni-grown cells eluted with CO dehydrogenase when the extracts were fractionated anaerobically by gel filtration. Secondly, the rate of increase in the specific activity of CO dehydrogenase paralleled the rate of increase in the specific activity of 63Ni during enzyme purification (5) . Because of the results obtained with C. pasteurianum above, a comparative analysis was performed with C. thermoaceticum.
When cell-free extracts (containing 20 mg of protein per ml, 9.8 x 105 cpm/ml, and 0.65 U of CO dehydrogenase per mg of protein) of C. thermoaceticum were fractionated on DE-52 by the method outlined above, the bulk of both 63Ni and CO dehydrogenase again eluted in the second 300 mM NaCl fraction, which contained 3.7 mg of protein per ml, 5.5 x i05 cpm/ml, and 1.9 U of CO dehydrogenase per mg of protein. Analysis of this fraction by the in situ gel assay revealed that the majority of the 63Ni electrophoresed coincident with the CO dehydrogenase band (Fig. 3A and B) . However, the pH 9.3 gel contained a minor 63 Ni-band which coelectrophoresed with bromophenol blue, whereas the same band was absent on the pH 7.7 gel. The appearance of the CO dehydrogenase activity band illustrated in Fig. 3 was essentially identical to the activity band observed with the purified enzyme (5). The electrophoretic properties of this nickel factor appeared to mimic those of Analysis of CO dehydrogenase and 63Ni in polyacrylamide gels of 300 mM NaCl fraction from C. thermoaceticum. The gels for (A) and (B) were loaded with 0.2 mg of protein, containing 31,000 cpm, which had been maintained under nitrogen at 4°C before electrophoresis. The gels for (C) and (D) were loaded with an equivalent amount of extract which had first been incubated under 02 for 30 min at 4°C. Electrophoresis was at pH 9.3 for (A) and (C), and at pH 7.7 for (B) and (D). The gel at the top of (A) and (B) depicts the locations of CO dehydrogenase (CODH, solid band) and bromophenol blue (broken line)4 no CO dehydrogenase activity band was observed in the gels of (C) and (D). Recoveries of radioactivities were: (A) 94%, (B) 80%, (C) 97%, and (D) 53%.
63Ni-band II from C. pasteurianum. In contrast, 63Ni-band I observed from C. pasteurianum was absent in the gel profiles of C. thermoaceticum.
Effect of oxidation on the occurrence of nickel in CO dehydrogenase. As noted above, clostridial CO dehydrogenase is extremely labile to aeration. Although the cause of this inactivation is not known, I theorized that it could be due in part to dissociation from the enzyme of a catalytically essential nickel factor. As seen in Fig.  3C , when the 300 mM NaCl fraction from C. thermoaceticum was incubated with 02 for 30 min and subsequently analyzed by the in situ gel assay, at pH 9.3 all of the 63Ni electrophoresed at the same position as the fast-migrating nickel factor observed in Fig. 3A ; no 63Ni was detected where CO dehydrogenase normally electrophoresed, nor was any CO dehydrogenase activity detected in the gel or in the oxidized extract. In contrast, at pH 7.7 (Fig. 3D) , the fast-migrating nickel factor observed earlier was absent (Fig. 3B) . These results indicate that the fastmigrating nickel factor is derived from CO dehydrogenase.
Similarly, when the 300 mM NaCl fraction from C. pasteurianum was oxidized with 02, the 63Ni-peak coincident with CO dehydrogenase disappeared from the gel profile, as did the CO dehydrogenase activity band (data not shown). If 63Ni-band II ( Fig. 2A) is equivalent to the nickel factor which dissociated from oxidized CO dehydrogenase, the CO dehydrogenase of C. pasteurianum may be more susceptible to inactivation by oxidation since the majority of the nickel appeared to exist in the dissociated form, whereas under the same conditions the integrity of the C. thermoaceticum enzyme was preserved. An alternative explanation is that, under the conditions utilized in this study, the bulk of the nickel factor, and therefore nickel, was not incorporated into CO dehydrogenase in C. pasteurianum.
With regard to 63Ni-band I ( Fig. 2A) , when the 300 mM NaCl fraction from C. pasteurianum was oxidized with 02, it also disappeared from the gel profile. When electrophoresis was at pH 9.3, virtually all of the radioactivity (100.9% recovery) electrophoresed coincident with the location of bromophenol blue on control gels, whereas at pH 7.7, the radioactivity was mostly in the top (cathode) portion of the gel with overall recovery being approximately 60%. That is, when oxidized, the 63Ni gel profiles of the 300 mM NaCl fractions from both C. pasteurianum and C. thermoaceticum were similar (Fig. 3C  and D) . This finding raises some questions as to the origin of 63Ni-band I in Fig. 2A . Since, when oxidized, the radioactivity of this band appeared to have similar electrophoretic properties to that of the dissociated nickel from CO dehydrogenase, it is tempting to speculate that 63Ni-band I may be an enzymatically inactive nickel-containing subunit or apoenzyme of CO dehydrogenase. An explanation of equal merit would be that 63Ni-band I represents another nickel-containing protein from which nickel dissociates when oxidized, and the dissociated form of nickel has similar electrophoretic properties to that of the dissociated nickel from CO dehydrogenase. Further studies will be required to elucidate the nature of 63Ni-band I from C. pasteurianum. DISCUSSION In this study, evidence was obtained which demonstrated the presence of nickel in CO dehydrogenase from C. pasteurianum. As is readily apparent, the 300 mM NaCl fraction utilized for CO dehydrogenase and 63Ni analyses represents only a crude enzyme preparation which contained numerous protein bands on polyacrylamide gels. It could thus be argued that a contaminating protein which contained nickel coelectrophoresed with CO dehydrogenase.
However, the coincidence of 63Ni and CO dehydrogenase when electrophoresis was at either pH 9.3 or 7.7 minimizes this possibility. Furthermore, considering that similar results were also obtained with C. thermoaceticum, which has been shown to have a nickel-containing CO dehydrogenase (5), it seems likely that CO dehydrogenase from C. pasteurianum is also a metallonickel protein.
A nickel-containing factor was shown to dissociate from CO dehydrogenase upon oxidation with molecular oxygen. The dissociation of this nickel factor was concomitant with the inactivation of the enzyme, and it is postulated that the nickel factor is essential for catalysis. With regard to the nature of the nickel factor, it was clear from its electrophoretic properties that it was not free nickel ion. However, the possibility remained that initially free nickel was released from the enzyme upon oxidation and subsequently complexed by exogenous molecules in the extract. When standard 3NiC12 was preincubated for 30 min with 50 mM Tris-hydrochloride (pH 8.0) plus 50 mM 2-mercaptoethanol, 10 mM sodium pyruvate, and 0.05 mM phenylmethylsulfonyl fluoride and then electrophoresed on polyacrylamide gels, all of the radioactivity coelectrophoresed with bromophenol blue at pH 9.3, but streaked in the top (cathode end) of the gel at pH 7.7 (approximately 50% recovery of radioactivity at pH 7.7). Thus, one cannot exclude the possibility that oxidation of CO dehydrogenase results in the release of free nickel ion, which then forms a salt complex with the buffer or extract components or both. Neither can one exclude the possibility that a genuine nickel factor derived from the enzyme has electrophoretic properties similar to the nickel-salts complex observed with standard 63NiC12. It is of interest to note that factor F430, a low-molecular-weight factor characteristic of the methanogenic bacteria (8) , has been shown to contain nickel (4, 14) and is believed to have a tetrapyrrole-like structure (1, 3) . The nature of the nickel factor released from CO dehydrogenase and its relationship to the native enzyme are under investigation.
It should be noted that CO dehydrogenase has recently been purified from Pseudomonas carboxydovorans (11) 
